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Quorum Sensing-Dependent Biofilms
Enhance Colonization in Vibrio cholerae
al., 2002), the phenomenon by which bacteria monitor
their cell population density through the extracellular
accumulation of signaling molecules called autoinduc-
Jun Zhu and John J. Mekalanos*
Department of Microbiology and Molecular
Genetics
Harvard Medical School ers (Bassler, 2002; Miller and Bassler, 2001; Whitehead
et al., 2001). In V. cholerae, LuxO responds to at least200 Longwood Avenue
Boston, Massachusetts 02115 two different autoinducer signals, AI-2 and CAI-1. AI-2
is produced by the LuxS protein (Miller et al., 2002).
Although the chemical structure of CAI-1 has not been
defined, the cqsA gene product has been identified asSummary
the CAI-1 synthase (Miller et al., 2002).
The quorum-sensing regulator HapR indirectly de-Vibrio cholerae is the causative agent of the diarrheal
disease cholera. By an incompletely understood de- creases tcpPH transcription by repressing transcription
of aphA (Kovacikova and Skorupski, 2002). LuxO exertsvelopmental process, V. cholerae forms complex sur-
face-associated communities called biofilms. Here we its effect on the CT and TCP genes by repressing expres-
sion of HapR at low cell density (Zhu et al., 2002). Ashow that quorum sensing-deficient mutants of V.
cholerae produce thicker biofilms than those formed constitutively active allele of luxO has been shown to
constitutively repress the transcription of hapR (Vanceby wild-type bacteria. Microarray analysis of biofilm-
associated bacteria shows that expression of the et al., 2003). HapR also activates the transcription of
hapA, which encodes a secreted hemagglutinin (HA)Vibrio polysaccharide synthesis (vps) operons is en-
hanced in hapR mutants. CqsA, one of two known protease that is a possible virulence factor in V. cholerae
(Finkelstein et al., 1992; Jobling and Holmes, 1997; Melautoinducer synthases in V. cholerae, acts through
HapR to repress vps gene expression. Vibrio biofilms et al., 2000).
During our earlier studies, we noted that luxO andare more acid resistant than planktonic cells. How-
ever, quorum sensing-deficient biofilms have lower hapR mutations also affected biofilm formation (Vance
et al., 2003; Zhu et al., 2002). A biofilm is a surface-colonization capacities than those of wild-type bio-
films, suggesting that quorum sensing may promote associated microbial community that is embedded in
a self-produced, extracellular polymeric matrix. Thesecellular exit from the biofilm once the organisms have
traversed the gastric acid barrier of the stomach. compact microbial three-dimensional structures are
found in numerous environmental sites, such as aquaticThese results shed light on the relationships among
biofilm development, quorum sensing, infectivity, and reservoirs and tooth surfaces. Biofilm formation is rec-
ognized as a bacterial developmental process that re-pathogenesis in V. cholerae.
quires a series of discrete and well-regulated steps
(Stoodley et al., 2002). Biofilms are also clinically signifi-Introduction
cant, as biofilm-associated bacteria are less susceptible
to host immune responses and antimicrobial agentsVibrio cholerae is the causative agent of cholera, an
acute dehydrating diarrheal disease that occurs in epi- (Costerton et al., 1999). In addition, biofilms are often
associated with chronic infections (Costerton et al.,demic form and that is also endemic in many parts of
the developing world. Each year, cholera causes an esti- 1999; Singh et al., 2000), most notably in Pseudomonas
aeruginosa infections of cystic fibrosis patients andmated 120,000 deaths worldwide, plus many additional
nonfatal cases (Faruque et al., 1998). The ability of V. catheter-associated biofilms of Staphylococcus epider-
midis.cholerae strains to cause severe enteric infection in hu-
mans requires the expression of cholera toxin (CT) and Several studies have suggested that biofilm-mediated
attachment to abiotic surfaces may be important for V.a pilus colonization factor called the toxin coregulated
pilus (TCP). The genes involved in CT and TCP produc- cholerae survival in the environment (Watnick and
Kolter, 1999; Watnick et al., 2001). Quorum sensing playstion are directly controlled by the transcriptional activa-
tor ToxT, and the expression of ToxT itself is regulated a role in biofilm formation in various other microorgan-
isms (Schembri et al., 2002). In this report, we character-by two membrane-localized complexes, ToxRS and
TcpPH, that are thought to respond to environmental ize the mechanism by which quorum sensing controls
biofilm development in V. cholerae, and describe rolessignals. Recent work has identified AphA as an addi-
tional activator of tcpPH expression (Kovacikova and for biofilm formation in V. cholerae virulence.
Skorupski, 2002; Skorupski and Taylor, 1999).
The in vivo environmental signals affecting V. cholerae Results
pathogenesis are largely unknown, though several in
vitro signals affecting virulence gene expression have Biofilm Formation in Quorum-Sensing Mutants
been identified (Krukonis and DiRita, 2003). We and oth- We previously reported that the quorum-sensing regula-
ers have found that V. cholerae virulence genes are also tors LuxO and HapR affect biofilm formation in V. chol-
regulated by quorum sensing (Miller et al., 2002; Zhu et erae (Vance et al., 2003; Zhu et al., 2002). Compared
to the wild-type strain, luxO mutants fail to produce
significant biofilms after 24 hr, while hapR mutants form*Correspondence: john_mekalanos@hms.harvard.edu
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Figure 1. Biofilm Formation in Quorum-Sensing Mutants of V. cholerae
(A) Crystal violet stain and quantification of biofilm formation in QS mutants. Biofilms were assayed after 24 hr incubation at 22C.
(B) Confocal scanning laser micrographs of C6706 and hapR mutant 24 hr biofilms. Top panel micrographs represent optical sections in the
x-y plane, and bottom panels represent optical sections in the x-z plane. The scale bar represents 5 m.
(C) Twenty-four hour biofilms observed after fixation by SEM. The scale bar represents 1 m.
much thicker biofilms (Figure 1A). Confocal laser micros- CAI-1 Signaling Is Responsible for HapR-
Regulated Biofilm Formationcopy showed that hapR biofilms are much thicker and
denser than wild-type biofilms, which have visible water Because CAI-1 signals through LuxO (Miller et al., 2002),
we hypothesized that the thicker biofilms formed by achannels (Figure 1B). Scanning electron microscopy de-
tected accumulated extracellular material in hapR mi- cqsA mutant result from changes in hapR expression.
We therefore examined hapR transcription in wild-typecrocolonies, suggesting that hapR biofilms overproduce
extracellular matrix that is presumably composed of and cqsA mutant bacteria using a chromosomal hapR-
lacZ fusion (Zhu et al., 2002). As predicted, hapR expres-exopolysaccharide (Figure 1C).
To further understand how quorum sensing regulates sion is significantly lower in a cqsA mutant than in the
wild-type, both in planktonic and biofilm-associatedbiofilm formation, we examined the biofilm phenotypes
of various quorum-sensing mutants (Figure 1A). Mutants cells (Figure 2A). We also assayed CAI-1 production
in planktonic cultures and in biofilms. CAI-1 is readilydefective in both luxO and hapR form biofilms as thick
as those of hapR single mutants, indicating that HapR detected after 9 hr in planktonic cells, and after 12 hr
in biofilm cells (Figure 2B). It should be noted that ais epistatic to LuxO and is likely to act downstream of
LuxO in this signal transduction pathway. Deletion of biofilm has a much smaller volume compared to a plank-
tonic culture containing the same number of cells, yetthe AI-2 synthase gene luxS does not affect biofilm for-
mation, while deletion of the CAI-1 synthase gene cqsA biofilms and planktonic cultures contain similar quanti-
ties of CAI-1. This may indicate that biofilms trap CAI-1results in the formation of thicker biofilms. These data
suggested that AI-2 signals are largely dispensable, more efficiently, or that biofilms produce more CAI-1 on
a per-cell basis, or that CAI-1 is degraded in plank-while CAI-1 signaling is important for regulating bio-
film formation. tonic fluid.
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Figure 2. CAI-1 Controls hapR Expression and Biofilm Formation
(A) hapR expression patterns of wt (squares) and cqsA mutants (triangles) in planktonic cells (solid lines) and biofilm cells (dashed lines).
C6706 and cqsA mutants harboring chromosomal hapR-lacZ fusion were grown in 10  75 mm tubes at 22C for various times as indicated.
Planktonic and biofilm cells were then assayed for -galactosidase activities (Miller, 1972).
(B) CAI-1 production in planktonic and biofilm cells. Supernatants obtained from C6706 planktonic cells (diamonds) and biofilm cells (squares)
at different time points were assayed for light production by CAI-1 reporter strain MM920 (Miller et al., 2002). The data are reported as fold
induction over the background level of light that was produced by addition of LB alone.
(C and D) hapR-lacZ expression of 12 hr biofilms (C) or biofilm formation at 24 hr (D) was measured in the presence of 80% 24 hr cell-free
spent medium (SM) from wild-type and cqsA mutants. Error bars show the standard deviation calculated from three individual experiments.
To confirm that CAI-1 is indeed the signal that controls from the host intestinal epithelium (Finkelstein et al.,
1992). However, HapA is not involved in biofilm forma-biofilm formation, we added spent supernatants from
wild-type or cqsA mutant strains, and assayed for hapR tion (Vance et al., 2003). Interestingly, another metallo-
protease, PrtV (VCA0223; Ogierman et al., 1997), is alsoexpression and biofilm formation. Wild-type superna-
tants, but not cqsA supernatants, can stimulate hapR positively regulated by HapR. Deletion of prtV, however,
does not affect biofilm formation in either wild-type orexpression (Figure 2C). Similarly, cqsA bacteria grown
in the presence of wild-type supernatants form biofilms hapR bacteria (data not shown). A potential five-gene
operon encoding hypothetical proteins (VCA0880–that are similar to wild-type biofilms (Figure 2D).
VCA0884) is strongly expressed in the wild-type but not
in hapR mutants. Deletion of one of these genesIncreased Biofilm Formation in hapR Mutants
(VCA0880) had no effect on biofilm formation (dataIs Due to the Overexpression of vps Operons
not shown).To identify HapR-regulated genes involved in biofilm
The only other genes demonstrating significant ex-formation, we used whole-genome microarray analysis
pression changes were the vps genes, which were over-to compare the transcriptional profiles of wild-type and
expressed by 2.3- to 8.1-fold in hapR biofilms comparedhapR biofilms. The results are shown in Table 1. As
to wild-type biofilms (Table 1). The vps genes were pre-expected, expression changes were observed for hapA,
viously identified as required for exopolysaccharide bio-which is directly activated by HapR (Jobling and Holmes,
synthesis and biofilm formation (Watnick and Kolter,1997). hapA encodes the secreted HA protease, a zinc
metalloprotease that may be involved in detachment 1999; Watnick et al., 2001; Yildiz and Schoolnik, 1999)
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Table 1. Differential Gene Expression in the hapR Mutant in Biofilms
ORF ID Fold Activation (SD)a
Vibrio Polysaccharide Synthesis (vps)
Phosphotyrosine protein phosphatase VC0916 2.9 (0.3)
UDP-N-acetylglucosamine 2-epimerase VC0917 2.4 (0.3)
UDP-N-acetyl-D-mannosaminuronic acid dehydrogenase VC0918 2.4 (0.1)
Serine acetyltransferase-related protein VC0919 5.9 (1.1)
Exopolysaccharide biosynthesis protein E VC0920 4.6 (0.9)
Polysaccharide export protein VC0921 3.0 (0.5)
Hypothetical protein VC0922 3.3 (0.4)
Serine acetyltransferase-related protein VC0923 4.2 (0.6)
CapK protein VC0924 6.9 (1.2)
Polysaccharide biosynthesis protein VC0925 3.1 (0.3)
Hypothetical protein VC0926 4.0 (0.6)
UDP-N-acetyl-D-mannosamine transferase VC0927 8.1 (1.5)
Hypothetical protein VC0928 4.5 (0.8)
Hemolysin-related protein VC0930 3.8 (0.3)
Conserved hypothetical protein VC0931 2.3 (0.1)
Hypothetical protein VC0932 2.7 (0.2)
Hypothetical protein VC0933 3.6 (0.2)
Capsular polysaccharide biosynthesis glycosyltransferase VC0934 3.6 (0.4)
Hypothetical protein VC0935 4.7 (1.1)
Polysaccharide export-related protein VC0936 2.5 (0.4)
Exopolysaccharide biosynthesis protein VC0937 2.6 (0.1)
Protease and Regulators
hapA VCA0865 2.0 (0.3)
prtV VCA0223 3.6 (1.1)
hapR VC0583 6.4 (1.1)
Metabolism
Plyhydroxyalkanoic acid synthase VCA0688 3.4 (0.7)
Acetyl-CoA acetyltransferase VCA0690 2.9 (0.5)
Phosphotyrosine protein phosphatase VC0916 2.1 (0.1)
Others
Hypothetical protein VCA0880 3.0 (0.2)
Hypothetical protein VCA0881 6.8 (0.2)
Hypothetical protein VCA0882 11.6 (1.1)
Hypothetical protein VCA0883 9.9 (0.4)
Hypothetical protein VCA0884 4.2 (0.1)
Conserved hypothetical protein VC0880 2.6 (0.4)
Hypothetical protein VC2667 2.5 (0.6)
Conserved hypothetical protein VC2668 2.3 (0.3)
GGDEF family protein VCA0074 2.3 (0.1)
Hypothetical protein VCA0075 2.4 (0.2)
Methyl-accepting chemotaxis protein VCA0864 2.3 (0.2)
a Positive values represent activation in hapR mutants; negative values represent repression. SD, standard deviation of two independent experi-
ments.
and are positively regulated by vpsR, which is not lo- also decreased at 16 hr compared to at 8 hr. In contrast,
vps is strongly expressed in hapR biofilms at both timecated within the same vps operon (Yildiz et al., 2001).
Deletion of one of the vps genes (VC0920) completely points, and is detectable even in hapR planktonic cells
at both time points. Interestingly, the cqsA mutant ex-abolished biofilm formation in both wild-type and hapR
mutants (data not shown), confirming the essential roles pressed wild-type quantities of vps in 8 hr biofilms but
showed increased vps expression in 16 hr biofilms, sug-of vps genes in biofilm formation in V. cholerae. The
hapR mutation has no effect on vpsR expression as gesting that cell density plays a role in vps expression
at later time points.assessed by the above microarray experiment.
To characterize vps gene expression and its regulation
by quorum sensing, we used oligo-based S1 nuclease Physiological Roles for V. cholerae Biofilms
Biofilm-associated cells show enhanced resistance toprotection assays to measure vps expression in various
strains in both planktonic and biofilm-associated cells antimicrobial agents such as detergents or antibiotics
(Costerton et al., 1999). Because V. cholerae must sur-(Figure 3). Consistent with previous findings that the
vps genes are only expressed in biofilms (Haugo and vive passage through the acidic environment of the
stomach before reaching its site of replication in the hostWatnick, 2002), vps expression was undetectable in
wild-type planktonic cells but readily detected in wild- upper intestine, we hypothesized that biofilm formation
might increase the ability of V. cholerae to withstandtype biofilms. vps expression in wild-type biofilms was
Quorum Sensing and Biofilms in V. cholerae
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Figure 3. Oligonucleotide-Based S1 Nuclease
Protection Assays to Examine vps Expression
in Planktonic and Biofilm Cells
RNA was isolated from 8 hr and 16 hr plank-
tonic and biofilm cells. Oligonucleotides for
VC0920 and 16S rDNA were end labeled with
32P. Raw data obtained using a Storm phos-
phoimager were corrected by subtracting
background activity, adjusting for variations
in the expression of 16S rDNA, and shown
as relative vps expression in the graph. P,
planktonic cells; B, biofilm-associated cells.
Error bars show the standard deviation calcu-
lated from two individual experiments.
acid shock and thus enhance colonization potential. We whether biofilm formation is involved in long-term colo-
nization, we inoculated planktonic wild-type, hapR, andtherefore assessed the viability of planktonic and bio-
film-associated cells after exposure to acidified medium vps (VC0920) bacteria into infant mice, and recovered
the bacteria from the intestine after different periods of(Figure 4A). Biofilms were formed on small glass beads
(50–100  in diameter). These biofilms were examined incubation. V. cholerae could still be recovered 11 days
postinfection, but similar numbers of bacteria were re-using phase contrast microscopy and found to possess
similar structures to biofilms formed on coverslips (data covered for all three strains (Figure 5A). Because the
strains have different biofilm formation capacities, bio-not shown). V. cholerae cells are highly sensitive to ex-
posure to pH 4.5 (Merrell and Camilli, 1999). In our stud- film formation may not be involved in long-term persis-
tence in this infant mouse model.ies, most planktonic cells were readily killed after expo-
sure to pH 4.5 for 30 min. In contrast, biofilm-associated The comparable resistance of biofilms to acid shock,
and the HapR-dependent ability of V. cholerae to detachcells were more than 1000-fold more resistant to acid
shock than were planktonic cells (Figure 4A). The acid from biofilms, might each contribute to the efficiency of
infection of mammalian hosts via the oral-gastric route.resistance of hapR biofilms is similar to that of wild-
To examine the effect of biofilm formation on infectivity,type biofilms (data not shown), even though hapR
we performed colonization competition assays usingmutants form thicker biofilms. Acid resistance was elimi-
the infant mouse model. Planktonic hapR mutants colo-nated when biofilm structures were disrupted by vor-
nize as well as wild-type, as previously reported (Millertexing with glass beads prior to exposure to low pH.
et al., 2002; Zhu et al., 2002; Figure 5B). However, whenThese results indicate that it is primarily the physical
inocula composed of biofilms were used to infect mice,structure of the biofilm that confers protection against
the hapR mutant showed a 10-fold colonization defectacid shock, rather than increased acid resistance in indi-
as compared to wild-type cells. Because hapR mutantsvidual cells.
do not demonstrate reduced CT or TcpA expression inAs noted above, vps expression in wild-type biofilms
vitro (Zhu et al., 2002), this result suggests that quorumis lower at 16 hr compared to at 8 hr, suggesting that
sensing may affect intestinal colonization by a mecha-biofilm formation slows at high cell density. However,
nism that involves a HapR-dependent phenotype ex-hapR mutants maintain high levels of vps expression at
pressed in biofilms, such as detachment. As noted ear-16 hr and consequently form thicker biofilms. Thicker
lier, detachment from biofilms is defective in hapRbiofilms may not permit escape from biofilm structures.
mutants (Figure 4B).To test whether detachment from established biofilms
is a quorum sensing-mediated phenotype, we devel-
oped an assay to measure the rate of detachment of Discussion
planktonic cells from biofilms in vitro. Using this assay,
we found that hapR mutants detach from biofilms to a In this study, we have demonstrated that quorum sens-
much lower extent than wild-type bacteria (Figure 4B). ing regulates V. cholerae biofilm formation by repressing
Vibrio polysaccharide synthesis (vps) operons at high
cell densities. One of the two known quorum-sensingEffect of Biofilm Formation on Colonization
Two simple mechanisms by which biofilms could affect regulatory circuits (CAI-1) is responsible for activating
the transcription of hapR, likely through the central regu-colonization are enhancement of infectivity and in-
creased persistence within the host. To investigate lator LuxO. HapR then negatively regulates (directly or
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Figure 4. Physiological Roles of V. cholerae
Biofilms
(A) Vibrio biofilms resist acid shock. Twenty-
four hour C6706 planktonic cells (gray bars),
biofilm cells (black bars), and disrupted bio-
film cells (white bars) were diluted into LB
(pH 4.5) and incubated at 37C for the period
indicated. Percentages of surviving cells
were calculated by comparing with the num-
ber of cells surviving in LB (pH 7) with the
same treatments.
(B) Detachment assays of biofilms. Twenty-
four hour biofilms of C6706 and hapR mutants
were resuspended in 1 ml of fresh LB. Sam-
ples were withdrawn at 5 min (gray bars) and
30 min (black bars) and the number of bac-
terial cells detached from biofilms was
determined. The y axis shows the number of
detached cells in thousands. Error bars show
the standard deviation calculated from three
individual experiments.
indirectly) the transcription of the vps operons, which of virulence factors, conjugation, bioluminescence, and
symbiosis have been found to be controlled by thisare important for biofilm formation (see Figure 6A).
Biofilm formation in V. cholerae is a multistep develop- mechanism. Quorum sensing is known to control biofilm
formation in several bacterial species, such as P. aerugi-mental process that is controlled by several regulatory
pathways. The two-component response regulator VpsR nosa, Burkholderia cepacia, and Aeromonas hydrophila
(Davies et al., 1998; Huber et al., 2001; Li et al., 2002;is required for expression of the vps genes (Yildiz et al.,
2001), but the environmental signals that govern activa- Lynch et al., 2002). In P. aeruginosa, the viability of
anaerobic biofilms requires rhl quorum sensing and ni-tion by VpsR have not been identified. VPS production
and biofilm formation are affected by mutation of flagel- tric oxide reductase (Yoon et al., 2002), and mutants
that are unable to produce quorum-sensing signals formlar structural genes (Watnick et al., 2001), suggesting
that V. cholerae may monitor flagellar torque to sense much thinner biofilms that lack normal three-dimen-
sional architecture (Davies et al., 1998). In contrast, inwhen a surface is encountered. Interestingly, a recent
report showed that the CytR protein negatively regulates V. cholerae, we have found a reciprocal relationship
between quorum sensing and biofilm formation. In V.biofilm formation by repressing vps gene expression
(Haugo and Watnick, 2002). CytR also regulates nucleo- cholerae, quorum-sensing mutants form thicker bio-
films, and quorum-sensing signals repress biofilm for-side catabolism genes in E. coli in response to cytidine
levels (Thomsen et al., 1999). Biofilm formation may mation by repressing vps gene expression.
Previous studies showed that quorum sensing nega-therefore be controlled by both extracellular and intra-
cellular cues. tively controls CT and TCP production by enhancing
hapR expression, which subsequently leads to repres-The work presented here establishes that quorum
sensing is also involved in biofilm development in V. sion of TcpPH (Miller et al., 2002; Zhu et al., 2002). When
grown in vitro, a planktonic hapR mutant produces wild-cholerae. Quorum sensing regulates various physiologi-
cal responses in a wide variety of Gram-negative and type quantities of CT and TcpA (Zhu et al., 2002). In the
present study, wild-type and hapR mutant cells showGram-positive bacteria. Processes such as production
Quorum Sensing and Biofilms in V. cholerae
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infectious dose required for establishment of a human
infection (Boyd, 1995). We hypothesize that acid shock
resistance conferred by a biofilm structure may enhance
V. cholerae survival during passage through the gastric
environment. We were unfortunately not able to test
this hypothesis directly in animals, as the infant mouse
stomach is not particularly acidic (estimated pH 6).
Taken together, our data suggest a working model
for how quorum-sensing regulation of biofilm formation
may influence critical aspects of the V. cholerae infec-
tion cycle (Figure 6B). The biofilm structure may be criti-
cal during entry into the host, in order to protect against
acid shock in the stomach. After reaching the intestine,
dispersal of individual cells from the biofilm enables
these cells to shut off quorum sensing-mediated repres-
sion of the CT and TCP genes, thus permitting maximal
colonization of intestinal sites. Failure to disassemble
the biofilm (as displayed by hapR mutants) reduces the
overall level of colonization. Later in the infection, the
number of V. cholerae in the intestine increases, and
quorum sensing again represses CT and TCP produc-
tion, and activates protease production. This encour-
ages bacteria to detach from the epithelium, and find
new infection foci or exit the host.
Quorum sensing and biofilm formation may also be
important in the environmental phase of the V. cholerae
life cycle. It has been suggested that biofilm formation
improves V. cholerae survival in the natural environment
Figure 5. Colonization Phenotypes Associated with Biofilm Forma-
(Mizunoe et al., 1999; Wai et al., 1998; Yildiz and School-tion Mutants
nik, 1999). During the environmental phase, the bacte-(A) Long-term infection with planktonic wild-type (diamonds), hapR
rium resides in diverse aquatic environments, often in(squares), and vps (triangles) V. cholerae. Bacteria were recovered
association with marine plankton (Huq et al., 1983).from mice at the indicated times postinfection and plated on appro-
priate media for enumeration. The y axis shows the number of bacte- Plankton “blooms” often precede cholera outbreaks,
ria recovered per mouse in thousands. suggesting a role in the epidemiology of disease (Col-
(B) Infant mouse competition assay using planktonic (diamonds) well, 1996). In a recent report (Colwell et al., 2003), a
and biofilm (squares) C6706 and hapR cells. The P value is 0.005
simple, sari cloth filtration procedure that removes parti-as determined by the Student’s t test. The competitive index repre-
cles larger than 20 m from water was found to reducesents the ratio of output hapR mutant to wild-type (recovered from
the intestine) divided by the ratio of input hapR mutant to wild-type cholera cases in Bangladesh by over 50%. This report
(inoculated into the mouse). suggests that particulate material plays an important
role in V. cholerae transmission. The particulate material
removed by sari cloth filtration may in fact be V. cholerae
comparable levels of intestinal colonization in suckling biofilm material rather than zooplankton-associated V.
mice if the inoculum consists of planktonic cells. How- cholerae. If so, the removal of acid-resistant V. cholerae
ever, hapR biofilms show 10-fold lower intestinal coloni- biofilms might explain the utility of sari cloth filtration.
zation than wild-type biofilms. Although there are many Finally, Vibrio biofilms may also be shed by cholera
methods for growing biofilms, and different methods patients, and this in turn could help explain the interest-
may produce different results, our data suggest that ing finding that V. cholerae from human stool appears
hapR biofilms are defective in a critical colonization or more infectious than V. cholerae from stationary phase
infectivity property that hapR planktonic cells possess. in vitro grown cultures (Merrell et al., 2002).
Because hapR mutant biofilms display a reduced cell
detachment from biofilms to form planktonic cells (Fig-
Experimental Proceduresure 4B), we postulate that excessive or improperly regu-
lated biofilm development is detrimental to colonization.
Bacterial Strains and Growth ConditionsInterestingly, a previous study of quorum sensing in
A streptomycin-resistant isolate of V. cholerae El Tor strain C6706
Rhodobacter sphaeroides demonstrated that an autoin- was used in this study. Mutations in luxO, hapR, cqsA, luxS, cqsA
ducer signal was involved in dispersal of aggregated luxS, and hapR luxO were constructed by making in-frame deletions
cells (Puskas et al., 1997). of the entire reading frame and have been described previously
(Miller et al., 2002; Zhu et al., 2002). In-frame deletions in the HapR-In this study, we have also shown that V. cholerae
regulated genes VC0920 (one of the vps genes), VCA0880 (hypotheti-cells present in biofilms are much more resistant to
cal protein), and VCA0223 (prtV) were constructed by crossoverkilling by acid shock than are planktonic cells (Figure
PCR (Imai et al., 1991). gfp-tagged strains were constructed by4A). The acid tolerance response (ATR) in V. cholerae
introducing Plac-gfp into the chromosomal lacZ locus of V. cholerae
is known to facilitate colonization in the suckling mouse (Bomchil et al., 2003). For routine growth, all strains were cultured
model (Merrell and Camilli, 1999, 2000), and the sensitiv- at 37C in Luria broth. For the biofilm formation assay, strains were
incubated at 22C without shaking.ity of V. cholerae to low pH may contribute to the high
Developmental Cell
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Figure 6. Models for the Mechanism and
Function of Quorum-Sensing Regulation and
Biofilm Formation in V. cholerae
(A) Genetic pathway for quorum sensing-
mediated control of biofilm formation and vir-
ulence. Solid arrows represent positive ef-
fects, while solid T bars represent negative
effects. The dashed line indicates that AI-2
signaling does not affect biofilm formation,
although LuxO does respond to AI-2 with re-
spect to other phenotypes (Miller et al., 2002).
(B) Model for the linked roles of quorum sens-
ing and biofilm formation in the V. cholerae
infectious cycle. V. cholerae enters the host
in an acid-resistant biofilm form. Planktonic
cells dispersed from the biofilm show in-
creased virulence gene expression, which
enhances intestinal colonization. As bacteria
multiply to high density on the intestinal epi-
thelium, quorum sensing (QS) promotes de-
tachment by repressing virulence gene ex-
pression and increasing HapA expression.
Detached Vibrios are shed and reinduce bio-
film formation at low cell density.
Biofilm Assay cells were assayed for Lux stimulation of MM920 (cqsA, luxQ;
also contains pBB1, which carries the lux operon from V. harveyi),Colonies grown on LB agar plates were resuspended in LB broth
at an optical density at 600 nm (OD600) of 0.6. A 1:100 dilution of which cannot produce CAI-1 and cannot sense AI-2 signals. Culture
supernatants were added to a final concentration of 30% (v/v). Lumi-this suspension was then inoculated into 10  75 mm borosilicate
glass tubes containing 1 ml LB (for quantitative measurement of nescence was detected with a Berthold LB9507 luminometer. The
data are reported as fold induction over the background level ofbiofilms), or 50 ml Falcon tubes containing 6 ml LB with 22  22
mm coverslips. Biofilms were formed by allowing these cultures to light that was produced by addition of LB alone.
stand for the time indicated at room temperature. Quantitation of
biofilms by crystal violet stain was described previously (Zhu et Oligonucleotide-Based S1 Nuclease Protection Assay
Quantitative S1 analysis of mRNA using oligonucleotide probes wasal., 2002). Confocal scanning laser microscopy using an MRC-1024
confocal microscope (Bio-Rad), and scanning electron microscopy carried out as previously described (Greene and Struhl, 1993). The
oligonucleotide probes used were a 45 nucleotide probe to VC0920using an electron microscope (Autoscan Etec) was performed ac-
cording to previously published protocols (Bomchil et al., 2003). V. and a 45 nucleotide probe to V. cholerae 16S rRNA as a control.
The 3 end of each oligonucleotide contained five nucleotides thatcholerae strains observed using confocal microscopy were ren-
dered fluorescent by inserting Plac-gfp into the lacZ locus (Bomchil are not complementary to the mRNA. Five hundred picograms of
32P-labeled oligonucleotides were hybridized with 10 mg of totalet al., 2003).
RNA for 12 hr and then digested with 250 units of S1 nuclease
(Promega) for 1 hr at 37C. Reactions were then ethanol precipitated,Microarray Experiments
The construction of the whole-genome spotted microarrays con- resuspended in 5 l of 0.1 M NaOH, and 5 l of formamide loading
dye was added. Five microliters of each sample were size fraction-taining full-length ORFs derived from V. cholerae strain N16961 has
been described (Dziejman et al., 2002). Biofilms were formed using ated on 18% denaturing polyacrylamide gels and quantified using
a Storm phosphoimager (Molecular Dynamics). 32P-labeled oligonu-100  15 mm polystyrene petri dishes containing 2 ml LB with 20
l of inoculum described above and incubated for 8 hr at 22C. cleotide (2.5 pg) was included on each gel as a size marker.
Planktonic cells were removed by rinsing with PBS, and RNA of
biofilm cells was isolated using TRIzol reagent (Invitrogen) and puri- Functional Analysis of V. cholerae Biofilms
Colonies grown on LB agar plates were resuspended in LB brothfied by using an RNAeasy kit (Qiagen). Preparation of fluorescently
labeled cDNA, hybridization, microarray slide scanning, and data at an optical density at 600 nm (OD600) of 0.6. A 1:100 dilution of
this suspension was then inoculated into 100  15 mm polystyreneanalysis have been described (Zhu et al., 2002).
petri dishes containing 2 ml LB and 10 mg glass beads (50–100 ;
Polysciences), and incubated for 24 hr at 22C with very slow shakingCAI-1 Production Assay
The assay for CAI-1 production was performed as previously de- (10 rpm). Planktonic cells were removed by rinsing gently with PBS,
and the biofilms on glass beads were then added into 5 ml LB atscribed (Miller et al., 2002). Briefly, biofilms were formed in 10  75
mm borosilicate glass tubes containing 1 ml of LB. At the time points pH 7 or pH 4.5 (adjusted using HCl). Tubes were incubated for
the time indicated at 37C with slow shaking. To disrupt biofilmindicated, planktonic cells were removed and biofilms were rinsed
with PBS. Biofilm cells were then resuspended in 1 ml LB by vor- structures, cultures were vortexed for 1 min in the presence of large
glass beads (1 mm). Microscopic examination of disrupted biofilmstexing with glass beads. Supernatants of planktonic cells and biofilm
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indicated that this method does disrupt biofilms efficiently. The R. Brent, R.E. Kingston, D.D. Moore, J.G. Seidman, J.A. Smith, and
K. Struhl, eds. (New York: John Wiley), pp. 4.6.1–4.6.13.surviving cells were then enumerated by series dilution and plating
on LB agar. Haugo, A.J., and Watnick, P.I. (2002). Vibrio cholerae CytR is a
Detachment assays were performed by resuspending glass beads repressor of biofilm development. Mol. Microbiol. 45, 471–483.
covered with biofilms in fresh LB and incubating at 22C. Samples
Huber, B., Riedel, K., Hentzer, M., Heydorn, A., Gotschlich, A., Giv-
were withdrawn at different time points and plated on LB agar to
skov, M., Molin, S., and Eberl, L. (2001). The cep quorum-sensing
determine the number of bacterial cells.
system of Burkholderia cepacia H111 controls biofilm formation and
swarming motility. Microbiol. 147, 2517–2528.
Infant Mouse Colonization Assay
Huq, A., Small, E.B., West, P.A., Huq, M.I., Rahman, R., and Colwell,The infant mouse colonization assay was performed as previously
R.R. (1983). Ecological relationships between Vibrio cholerae anddescribed (Gardel and Mekalanos, 1996) by inoculating approxi-
planktonic crustacean copepods. Appl. Environ. Microbiol. 45,mately 105 V. cholerae cells per mouse into 6-day-old suckling mice.
275–283.After a period of colonization, intestinal homogenates were col-
lected, and the ratio of two strains (competition assays) or the num- Imai, Y., Matsushima, Y., Sugimura, T., and Terada, M. (1991). A
ber of bacteria (long-term colonization assays) was determined by simple and rapid method for generating a deletion by PCR. Nucleic
plating on LB agar containing 5-bromo-4-chloro-3-indolyl-D-galac- Acids Res. 19, 2785.
toside. For colonization assays using biofilms as the inoculum, bio- Jobling, M.G., and Holmes, R.K. (1997). Characterization of hapR,
films were formed on glass beads as described above for 24 hr and a positive regulator of the Vibrio cholerae HA/protease gene hap,
then inoculated intragastrically as described above. and its identification as a functional homologue of the Vibrio harveyi
luxR gene. Mol. Microbiol. 26, 1023–1034.
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